Abstract. Insect cells have been successfully cultured in vitro as continuous cell lines for over 35 years. The media, culture methodology and conditions have been well resolved such that, for many insects, new cells lines can be routinely developed. Factors that are considered important for developing insect cell cultures are described as well as some of the history that led to the success. One of the major rationales for developing insect cell lines was for the study of insect viruses. This was particularly true for species of Lepidoptera from which over 900 viruses have been reported. Since many species of Lepidoptera are serious agricultural and forestry
Introduction
Invertebrate tissue culture has a long history, actually dating to some of the earliest attempts to culture animal cells. Ross Harrison [21] actually devised the technique of tissue culture by isolating the nerves of frogs but Richard Goldschmidt [13] , working in Harrison's laboratory, examined the development of silkworm testes in culture. These early attempts used very simple media (often just plasma isolated from hemolymph) but tissues could be kept alive for up to three weeks. In the mid-to late-1930's William Trager [77] performed a series of studies designed to examine virus replication in vitro. During these studies, he designed and tested a number of culture media based on the composition of insect hemolymph. He used these media for culturing silkworm ovaries. Although he could not keep cells growing indefinitely, he observed mitosis and found the cultures suitable for his virus studies.
The greatest inroads for the technique of cell culture were gained in the 1950's and 60's. This can be attributed in part to the availability of antibiotics (useful for maintaining aseptic cultures) and a greater knowledge of biochemistry. With respect to invertebrate cell culture, Silva Wyatt [86] used a detailed chemical analysis of insect hemolymph to design a culture medium. She observed mitosis in cells maintained in this medium for more than 3 weeks. Thomas D. C. Grace [17] made some additions to the Wyatt formulation (vitamins and Krebs cycle intermediates) and, through a technique he later described as 'organized neglect' [19] , was successful in developing the first continuous invertebrate cell lines from ovaries of the Australian Emperor gum moth, Antheraea eucalypti. Since Grace's success, over 450 continuous cell lines have been established from more than 100 species of insects ( Figure 1 ). 
Materials
-
Procedures

A. Media
As mentioned above, Grace's success was partly due to an improved medium. This medium, still sold commercially 35 years later, contained six salts, 21 amino acids, three sugars, four organic acids (Krebs cycle intermediates), ten vitamins, two antibiotics and insect plasma. Other scientists followed this example in developing media for other insects with varying degrees of success. For example, Schneider [66] devised a synthetic medium for Drosophila cell cultures, which also was based on analyses of that insect's hemolymph. This medium also is still commercially available and commonly used. Other scientists took a more pragmatic approach by using undefined ingredients. Mitsuhashi and Maramorosch [57] devised a simple medium for leafhopper cell culture that consisted of only 6 salts, glucose, lactalbumin hydrolysate, yeastolate, fetal bovine serum (FBS) and antibiotics. Although they were not successful in establishing leafhopper cell lines with this medium, it proved useful for establishing mosquito and moth cell lines. Shortly later, Chiu and Black [6] successfully used another simple medium, containing many of the same ingredients but with different concentrations of salts, for establishing leafhopper cell lines. Most of the early successes used insect plasma (cell-free hemolymph) as an additive to the culture media. This mimicked the techniques being used with mammalian cell cultures that commonly used vertebrate serum as a supplement. In fact, by the 1960's, vertebrate sera were commercially available for cell cultures. Insect hemolymph, on the other hand, was much more difficult to obtain. Even using relatively large insects (like silkworms), hundreds of larvae were needed to obtain a liter of hemolymph. Since most of the culture media contained 5-20% of this ingredient, the difficulty acquiring it severely limited the volume at which cells could be grown. With the Mitsuhashi and Maramorosch [57] medium and slightly later, Yunker's, et al. [87] ability to substitute a vertebrate serum (FBS) for the growth of Grace's Antheraea cells, a more practical solution was available.
Once cells could be successfully grown, some efforts were directed at simplifying the media compositions through a systematic examination of individual components. Gardiner and Stockdale [12] developed a formulation (BML-TC/10 also known as TC-100) based on Grace's medium but from which they omitted the Krebs cycle intermediates, two of the sugars (sucrose and fructose), and two of the amino acids ( β-alanine and D-serine). These changes were based on their interpretation that these components are superfluous. Mitsuhashi [49] tested the growth of an insect cell line in media with single amino acid deletions and determined that five (α-alanine, β-alanine, asparagine, aspartic acid, and glutamic acid) were non-essential or minimally essential.
Although FBS made modern insect cell culture practical, major efforts have also been made to eliminate it. For example, Wilkie et al. [84] developed a totally chemically defined medium. This formula was very complex, containing 69 ingredients including compounds not previously used in insect cell cultures such as non-proteinaceous amino acids, free fatty acids, and trace minerals. Although this medium was effective for growing cells and producing viruses, it was impractical for common use due to its complexity and the instability of many components. Using a different tactic, Goodwin and Adams [14] and Mitsuhashi [52] developed serumfree media by replacing the serum with inexpensive substances such as liver digest, phytone peptone, yeastolate and/or lactalbumin hydrolysate and allowing cells to adapt to the simplified media. This ultimately led Mitsuhashi [55] to develop a medium consisting solely of seawater, yeastolate, lactalbumin hydrolysate, and table sugar, which could be sterilized by autoclaving and supported the growth of 15 different cell lines.
The question of growth factors is still not adequately answered for insect cells. While there is evidence that nerve tissue [32, 60, 78] and reproductive tissues [33, 34] in culture can be improved by adding substances similar to mammalian growth factors, only a few growth factor like substances have [23] [24] [25] [26] [27] . However, the data since 1989 has been gleaned from published reports that have not been cited individually in this paper.
been isolated from insects and none are well characterized. We have some evidence, however, that the insect molting hormone, 20-hydroxyecdysone can have growth promoting action. This effect is obtained at concentrations considered lower than those that cause differentiation in vivo or morphogenesis in vitro [76] . Thus ecdysteroids may be useful additives to culture medium although the concentration effective for promoting growth rather than initiating differentiation will need to be determined.
B. Tissue source
Another factor that was probably important in the initial successes of establishing insect cells in culture was the choice of tissues. Grace [17] selected a large insect and used ovaries from pupae as the tissue source. This made sense from a practical viewpoint since the large insect allows for easier dissection and ovaries contain cells actively undergoing mitosis. He [18] duplicated his initial success with another large moth (Bombyx mori) and other researchers followed his lead in developing lines from ovaries of other Lepidoptera [15, 22, 50, 82] . Cultures were also initiated from hemocytes, another easily obtained cell type [3, 48] . Researchers interested in other insect orders were sometimes less fortunate because the insects were much smaller. In some cases, they substituted numbers for size by using whole larvae or embryos as the tissue source. This technique was successful in developing a number of mosquitoes and Drosophila cell lines [67-69, 71, 81] . As the field of insect cell culture matured, scientists eventually turned to developing cell lines from more distinct tissue types. This included fat body [15, 29, 36, 51, 53, 54, 63] , imaginal discs [40, 42, 79] , midguts [1, 20] and nerve tissue [78] .
C. Culture conditions
While media composition and the tissue source were important in the ultimate success of insect cell culture, other factors were also significant. In addition to the components of the media, the pH and osmotic pressure can have a dramatic effect on cell growth [45, 74] . In most cases, the properties of the hemolymph have been used for determining the initial values, but the optima for specific cell types may differ from the attributes of the hemolymph. The atmosphere of cultures also is not often considered. Most insect cell culture media are buffered with phosphates, which alleviates the need for a regulated CO 2 environment. However, recent studies with large-scale fermentation of insect cells suggest oxygen can be a limiting factor in cell growth [8, 31, 64] . Riddiford [65] has also shown that the development of cuticular cells is enhanced in a high O 2 atmosphere. A possible alternative to the use of O 2 is the use of perfluorocarbon emulsions [30] .
While the technique has not been used for establishing or growing continuous insect cell lines, it did improve the health of primary cultures of insect fat body [59] .
Temperature may also be overlooked. Most insect cell lines are grown at 25-29 °C. These temperatures are probably fine for most insect cells since they are consistent with the temperatures at which the insects occur. However, Winstanley and Crook [85] 
How the primary cultures and early passages of cells are manipulated can impact the characteristics of the cell lines as well. Early attempts at developing insect cell cultures seemed to focus on cell attachment as a prerequisite for cell growth. This may have been related to the experiences of vertebrate culturists who showed anchorage dependence was a characteristic of many cells. In my own early efforts to develop cell lines from imaginal discs, I was quite perturbed by the cells growing in suspension as fluid-filled vesicles (Figure 2 ) [40] and continually tried to get them to attach. However, once I accepted the suspended nature of the cells, we obtained a continuous line that has shown many interesting, unique properties [9, 11, 38, 43] . A gypsy moth fat body cell line developed in my lab [36] also grows in suspension and has proven to be one of the best lines for replication of the gypsy moth nucleopolyhedrovirus (NPV) (Figure 3) [35, 44] . The attachment properties of the cells can also be used with a heterologous tissue source (such as embryos) to select different cell types during the early passages. This is simpler than attempting to clone early passage cells and can lead to multiple distinct cell lines from a single primary culture [35] .
In addition to early handling procedures, different cell types may also be selected through cloning of continuous cell lines. This method has been used to improve virus susceptibility [2, 28, 83] or to obtain more uniform response of cells to hormone treatment [5, 7, 41] . The degree of heterogeneity that occurs in the culture will influence the variety of cells that can be selected by cloning and thus this procedure would best be used with early passage cells. I believe in many cases that any improved homogeneity observed following cloning is lost during subsequent subcultivations and that using techniques that maintain selection pressure such as described above may be a more practical method for maintaining homogeneous cultures.
Results and discussion
A. Applications of insect cell cultures
As was the case with Trager's [77] early efforts to culture insect cells, viruses and other pathogens were a factor in the efforts of other researchers to develop insect cell lines. In addition to insect specific viruses like NPVs [16, 18, 37, 48, 77, 80] , there was also interest in viruses transmitted by insects, both to plants [6] and to animals [62, 72] . At least 75 lepidopteran cell lines have been use to replicate one or more of 35 different baculoviruses (Table 1) . Of these, at least 55 lines from 17 different species have been used for replicating the Autographa californica NPV (AcMNPV) ( Table 2) .
The biggest impact on insect cell culture in recent years was the discovery by Smith et al. [73] that AcMNPV could be genetically engineered to produce heterologous proteins. This led to the baculovirus expression vector (BEV), a technique useful for producing large quantities of proteins. Patterson, et al. [61] reported that over 500 proteins have been produced with this technique, including proteins useful as vaccines and other therapeutic agents. These potential uses of insect cells in medical applications stimulated efforts to obtain improved media and large-scale culture systems. Besides their uses in virology, insect cells have been used in a variety of other applications. We specifically developed cell lines from the wing imaginal discs of Lepidoptera [40, 42] for use in SexeNPV  IPLE-SF-21AE,  SfMNPV  IPLE-SF-21AE; SPC-SI-48, -52  SlNPV  IPLE-SF-21AE; UIV-SI-573, -373, -673  TipulaBV  Tp, To  TnGV  BTI-TN4, -TN5  TnSNPV  TN-368; BTI-TN5  TnMNPV*  See Table 2  XcNPV  IPLB-SF-21AEII, CLS-79 studies on insect hormones and developmental biology. Other researchers were also successful with imaginal discs of Drosophila melanogaster [79] . In addition to using specific tissues, some lines developed from embryos [4, 39, 46, 70] have also proven useful in developmental and physiological studies. Early studies with insect cells [56] also revealed their utility in assaying insecticides although this has never become a routine method.
B. Oops, What Went Wrong?
In 1979, Nelson-Rees and Flandermeyer shocked the scientific community by revealing that many cell lines purported to be normal human cells were, in fact, a line known as HeLa that originated from cervical cancer cells. In a follow up review [58] , over 110 cell strains were listed as being improperly identified. This included three presumed mosquito cell lines that were actually Grace's Antheraea cells. Tabachnick and Knudson [75] also revealed three lines in their laboratory were also misidentified. It would be difficult to determine how these misidentifications occurred, but several approaches can be use to avoid this situation. 1) Use a different media bottle for each line, 2) work with only one line at a time, 3) never reuse a pipet without washing and sterilizing it, and 4) label culture vessels prior to inoculating with cells. A reliable method for identifying cells (isozymes, DNA fingerprinting) should also be used soon after the cells are in culture and on a regular basis thereafter.
C. Relevance of insect data to prawn cell culture
A number of practical points relevant to the lack of success with prawn cell cultures can be gleaned from the history of insect cell and tissue culture. Perhaps the first might be, 'know your animal.' Even though efforts were made early in the 20th century, success was dependent on first obtaining detailed knowledge of insect biochemistry. While studies had been made on details of some body fluid characteristics and components (pH, osmotic pressure, salts, sugars, etc.), Wyatt's et al. [86] study specifically for the purpose of developing a culture medium was the most complete. Even though Wyatt was not totally successful, her contribution was essential to Grace's ultimate success. Also note that insect cell culturists have never operated in a scientific vacuum. In addition to Wyatt's work with insects, evidence from vertebrate tissue culture led Grace to add vitamins to his successful formulation. This suggests that a detailed analysis of prawn body fluids might aid in developing continuous cell cultures. Another important factor in Grace's (and subsequent researcher's) success was patience. The first cell line he developed was initiated as a primacy culture in October 1960. After the first seven weeks, (during which the medium was changed at one-to two-week intervals), the cells began to degrade until by the tenth week, few viable cells remained. However, after ten months, cells in the culture began growing and within two weeks, the cells could be subcultured. Regular subcultures (at one-to twoweek intervals) were possible thereafter. We do not know if this crisis period that Grace observed is related to a transformation event with these cells but my experience in developing cell lines suggests this does not always occur during the initiation of continuous cell lines from primary cultures.
Insect cell culturists were somewhat lucky in their early studies with insect viruses. Since NPVs tend to infect a wide range of tissues in the insect, the [85] suggest it probably should be. They believe the use of low temperatures for maintaining cell lines from embryos of the codling moth allowed virus replication even in long-term passaged cells. These results might also be relevant to efforts to replicate prawn viruses since in many cases, the prawn baculoviruses have a more limited tissue tropism than many insect baculoviruses.
The knowledge gleaned from cell lines initiated from nonspecific tissues (embryos, whole larvae, ovaries) gave insect cell culturists practical experience which ultimately allowed for initiating lines from more specific tissues. Existing lines may also be a resource of growth factors, either through production of conditioned medium or in feeder layer with primary explants. Even though only limited evidence exists for growth factors in insects, similar factors to those found in vertebrates probably occur. Although I know of no examples in which insect cell lines were established using growth factors or feeder layers, conditioned medium has been useful in growing parasitic wasps in culture [10] . If feeder layers are going to be employed, it is especially important to be able to identify and differentiate the feeder layer from the source of the primary cells.
Even if you don't plan to use existing cell lines for conditioning media, it is a good idea to obtain at least one existing cell line. The experience gained by 'hands on' cell culturing will improve your changes of obtaining a continuous line from your animal of choice. This will give you an opportunity to practice the various techniques that you will need to use with your new lines.
Notes on suppliers
1. Sigma Chemical, St. Louis, MO, USA 2. Life Technologies (GIBCO), Gaithersburg, MD, USA 3. JRH Biosciences, Lenexa, KS, USA Mention of proprietary or brand names is necessary to report factually on the available data; however, the USDA neither guarantees nor warrants the standard of the product, and the use of the name by the USDA implies no approval of the product to the exclusion of others that may also be suitable.
